Abstract Capsicum annuum (red pepper) is an important spice cum vegetable crop in tropical and subtropical countries. Here, we report an effective and reproducible auxin free regeneration method for six different red pepper cultivars (ACA-10, Kashi Anmol, LCA-235, PBC-535, Pusa Jwala and Supper) using hypocotyl explants and an efficient Agrobacterium-mediated transformation protocol. The explants (hypocotyls, cotyledonary leaves and leaf discs) collected from axenic seedlings of six red pepper cultivars were cultured on either hormone free MS medium or MS medium supplemented with BAP alone or in combination with IAA. Inclusion of IAA in the regeneration medium resulted in callus formation at the cut ends of explants, formation of rosette leaves and ill defined shoot buds. Regeneration of shoot buds could be achieved from hypocotyls grown in MS medium supplemented with different concentrations of BAP unlike other explants which failed to respond. Incorporation of GA 3 in shoot elongation medium at 0.5 mg/l concentration enhanced the elongation in two cultivars, LCA-235 and Supper, while other cultivars showed no significant response. Chilli cultivar, Pusa Jwala was transformed with βC1 ORF of satellite DNA β molecule associated with Chilli leaf curl Joydebpur virus through Agrobacterium tumefaciens. Transgene integration in putative transformants was confirmed by PCR and Southern hybridization analysis.
Introduction
Capsicum annuum, a member of the family Solanaceae, is an important crop grown worldwide. It is used as a spice, a source of red pigment and as a vegetable in many countries. In addition to its use as a food, its powder disinfects the oral and gastric mucous membranes and destroys the pathogenic bacteria in the intestine (Bosland and Votava 1999) . Red pepper is susceptible to many pathogens including viruses, fungi, bacteria and nematodes. The approaches aiming for genetically engineered red pepper plants for making resistant varieties or value addition are protracted due to the lack of highly efficient regeneration method. Because of lack of efficient transformation method for the cultivated species of red pepper, understanding of host virus interaction is limited to the model plant like Arabidopsis thaliana or in transient system using leaf disc assay.
Plant regeneration via organogenesis and somatic embryogenesis in Capsicum spp. has been reported for diverse explants such as cotyledons (Gunay and Rao 1978; Ebida and Hu 1993; Manoharan et al. 1998; Golegaonkar and Kantharajah 2006) , hypocotyls (Gunay and Rao 1978; Ramirez-Malagon and Ochoa-Alejo 1996) , leaf discs (Sanatombi and Sharma 2008) and nodal segments (Ahmad et al. 2006) . However, these reports are genotype-specific and consequently, the regeneration protocol as well as transformation procedure need to be established for each commercial cultivar for exploiting the potential of genetic engineering. Additionally, achieving elongation of in vitro formed buds was a major problem in red pepper (ValeraMontero and Ochoa-Alejo 1992) and sweet pepper varieties (Ebida and Hu 1993) . Ill-defined buds or leafy shoot structures either resist elongation or produce rosettes of distorted leaves which generally do not develop into normal shoots. Cytokinins, in supplement with auxins, have been shown to induce shoot buds proliferation from different types of explants in various plant species. Almost all the protocols of red pepper regeneration using hypocotyls rely on both the cytokinins and auxins (Gunay and Rao 1978; Sanatombi and Sharma 2008) . However, Capsicum is known to have high endogenous auxin content and therefore, the exogenous supply of auxins induces callus formation instead of shoot buds (Christopher and Rajam 1994) .
Recent advances in genetic engineering have opened up new avenues for crop improvement. Genetic engineering of red pepper for the purpose of obtaining useful traits like disease resistance, stress tolerance and studying the functions of host genes is dependent upon the development of a reliable regeneration and transformation protocols. Unlike other members of the Solanaceae family, red pepper is considered to be a highly recalcitrant species with respect to in vitro regeneration and genetic transformation. Agrobacterium-mediated transformation is widely applied for red pepper transformation but its efficiency relies on the effective shoot regeneration and the genotype. The protocols available for red pepper transformation either could not be reproduced successfully or with very low efficiency in different genotypes (Manoharan et al. 1998; Zhu et al. 1996; Lee et al. 2004; Li et al. 2003) .
In this paper, we report a reliable auxin-free (or auxinindependent) regeneration protocol for six different cultivars using hypocotyls with significantly improved regeneration frequency. A highly reproducible transformation protocol for C. annuum L. var Pusa Jwala has also been demonstrated.
Materials and methods

Establishment of axenic seedlings
Seeds of all red pepper cultivars were obtained from Indian Institute of Vegetable Research, Varanasi, India. Mature seeds were washed 3 times with sterile distilled water and surface sterilized with 70 % ethanol for 1 min followed by 3 immediate washes with sterile distilled water. Finally, they were submerged with 0.1 % mercuric chloride for 5 min with continuous shaking and then rinsed several times with sterile distilled water. The seeds were blotted dry on sterile filter paper and sown in bottles containing 50 ml of MS medium containing 3 % sucrose (Murashige and Skoog 1962) . pH of the medium was adjusted to 5.8 with 1 N KOH before the addition of 0.25 % phytagel (Sigma) and autoclaved at 121°C for 20 min. Seeds were germinated at temperature of 25±1°C and 16-h photoperiod (irradiance of 100 μmol m −2 s −1 ). Hypocotyls and cotyledonary leaves were taken from 2 weeks old seedlings while leaf discs were taken from 4 weeks old plants. All the above steps were carried out under sterile conditions.
Culture media and conditions
Shoot regeneration ability of different explants was tested on MS medium alone or supplemented either with different concentrations of BAP (varied from 1.0 mg/L to 5.0 mg/L) or in combination with IAA (0.1 mg/L to 1.0 mg/L). Explants producing shoot buds were transferred to elongation medium comprising of MS medium with or without GA 3 . Elongated shoots were excised from the explants and transferred to rooting medium containing either MS basal medium or in supplementation with NAA 1.0 mg/L. In vitro regenerated plants were potted in agropeat with covers to maintain moisture for 2 weeks. After 2 weeks, the edges of the covers were cut and plants were kept for another 1 week under controlled conditions before finally transferring them to green house. The plants were then transferred to pots containing soil in green house. Regeneration response (in per cent) was calculated by dividing the total number of responding explants with total number of explants taken for the study. To optimize minimal inhibitory dosage of kanamycin on shoot induction, varying concentrations of kanamycin on C. annuum var Pusa Jwala explants (0, 10, 30, 50 and 100 mg/L) were tested.
Cloning of viral ORF in plant transformation vector
For transformation, βC1 ORF of Chilli leaf curl Joydebpur virus (GenBank accession number: EF190216) was PCR amplified using forward primer (5′-GGAT CCATGTTTCACCTCACAAAAT-3′) and reverse primer (5′-GTCGACTCATATATGTGCATTTATACC-3′). PCR reaction was performed as follows: initial denaturation at 94°C for 4 min; followed by 10 cycles at 94°C for 1 min, 62°C for 45 s, 72°C for 45 s and the reaction was terminated at 72°C for 15 min as final extension step. The amplified product was analyzed by 1 % agarose gel electrophoresis and cloned into binary vector pBinAR to generate pBinARβC1. After confirming the clone by sequencing, the construct pBinARβC1 was mobilized into Agrobacterium tumefaciens strain EHA 105.
Agrobacterium-mediated transformation
The hypocotyl explants from C. annuum var Pusa Jwala were placed on pre-culture medium containing BAP alone for 2 days. A single colony of A. tumefaciens strain EHA 105 carrying pBinARβC1 was inoculated into 4 ml LB medium containing kanamycin (50 mg/L) and rifampicin (30 mg/L) and incubated at 28°C for a day. One ml of this bacterial culture was used as starter culture and inoculated into fresh 50 ml LB medium containing the above mentioned antibiotics. The culture was then allowed to grow at 28°C for 6-8 h until the OD reaches 0.6-0.8. The cells were then harvested at 5,000 rpm, 28°C for 10 min and were diluted in 30 ml liquid MS medium to obtain cell density (OD) of 0.05-0.1. The explants were submerged into bacterial culture for 5-10 min on a rotary shaker at low speed (120 rpm), blot dried on sterile filter paper and co-cultivated with the bacterial culture provided with 100 μM of acetosyringone for 2 days on co-cultivation medium. After 2 days, the explants were washed with liquid MS medium containing 500 mg/L cefotaxime and blot dried. Furthermore, they were cultured on selection medium (shoot regeneration medium) provided with the above mentioned antibiotics for shoot regeneration.
Molecular characterization of transgenic plants
Total genomic DNA was extracted from the leaves according to Dellaporta et al. (1983) and polymerase chain reaction (PCR) using gene specific primers was carried out to detect the presence of transgene. The following oligonucleotides were used for PCR analysis: primers specific for viral βC1 ORF of Chilli leaf curl Joydebpur virus (as described earlier) generating a fragment size of 380 bp and primers specific for the gene, vir-D1 [A. tumefaciens] generating a fragment of~200 bp using the primer forward sequence as 5′-ATGTCGCAAGGCAGTAAGCCC-3′ and the reverse as 5′-GGAGTCTTTCAGCATGGAGCA-3′. The reaction was performed as follows: initial denaturation at 94°C for 4 min; followed by 30 cycles at 94°C for 1 min, 62°C for 45 s, 72°C for 5 min and the reaction was terminated at 72°C for 15 min as final extension step. The amplified products were analyzed by 1 % agarose gel electrophoresis. For Southern hybridization and to check transgene integration, 20 μg of total DNA from each test plant was digested with HindIII and pBinARβC1 digested with BamHI -SalI was used to release viral ORF. Digested DNAs were fractioned on 0.8 % agarose gel and blotted by capillary method onto Hybond N + membrane (Amersham Pharmacia, UK) using transfer buffer as 20X SSC. Southern blots were hybridized with [α 32 P] dCTP labelled βC1 ORF using random labelling method (Amersham Biosciences). The hybridization was carried out according to Sambrook and Russell (2001) .
Results
Selection of suitable explants for regeneration
In the preliminary experiments, various explants such as 2 weeks-old cotyledons, hypocotyls (0.5-1 cm) and 4 weeks-old leaf discs of all six red pepper cultivars were tested for shoot induction on MS medium supplemented with different concentrations of BAP and IAA. Among the different explants tested, only hypocotyls showed shoot induction while the other explants formed callus at the cut end of the explants or formation of rosette leaves and illdefined shoot buds. Hence, we have used hypocotyls as explants for further experimentations.
Shoot regeneration using hypocotyls explants
In the first phase of experiment, a suitable auxin independent protocol was established to determine the regeneration potential of hypocotyl explants. The regeneration potential of hypocotyls from six popular Indian red pepper cultivars were tested either on MS medium supplemented without or with BAP (1-4 mg/L). The regeneration potential of each red pepper cultivars was calculated as the percentage of hypocotyls showing initial regeneration response (Fig. 1) . Shooting was observed as early as 8 days from the tip of hypocotyls on shoot induction medium with 3 to 4 shoot buds emerging from hypocotyl tip (Fig. 2a) . The red pepper cultivars, Kashi Anmol and LCA-235 showed regeneration frequency of 96 % and 80 %, respectively in medium supplemented with BAP 4.0 mg/L. Chilli varieties, Pusa Jwala and PBC-535 showed variable degree of regeneration frequency of 90 % (in BAP 2.0 mg/L) and 93 % (in BAP 3.0 mg/L), respectively. The cultivar Supper showed regeneration frequency of 80 % on MS medium and ACA-10 cultivar showed 60 % regeneration potential on MS medium with BAP 1.0 mg/L. Our results using six different cultivars have shown that no single combination was inclusively effective for all six varieties tested (Fig. 1 ).
Elongation and rooting of shoots
For elongation of small shoot buds, we have used either MS basal medium or MS medium supplemented with different concentrations of GA 3 . We could achieve elongation of desired shoot buds in all the genotypes in MS medium Fig. 1 The regeneration potential (in per cent) of six different cultivars of Indian red pepper cultured on different hormonal combinations. The experiment was repeated thrice and the values were representative of average regeneration response after 14 days on shoot bud induction medium and expressed as means ± SE (n010). The concentration of BAP was used as mg/L lacking any hormones (Fig. 2b) . Our results also showed that MS medium supplied with 0.5 mg/L GA 3 enhanced the rate of elongation of shoot buds but further increase in GA 3 (1.0-2.0 mg/L) concentration did not provide any advantage ( Fig. 2c and d) . For achieving roots, the well elongated shoots were cultured on MS medium supplemented with NAA. We observed 100 % rooting from the shoots transferred to MS medium provided with 0.5 mg/L NAA. These well rooted plantlets were then acclimatized in growth chamber under controlled growth conditions.
Transformation of red pepper var Pusa Jwala
To establish an efficient method for Agrobacterium-mediated transformation, red pepper hypocotyls explants from 2-weeks old in vitro grown seedlings of C. annuum var Pusa Jwala and A. tumefaciens harbouring pBinARβC1 (Fig. 3) were used. Prior to infection, the hypocotyl explants were pre-cultured on MS medium containing BAP-2 mg/L. The cell density of Agrobacterium was a critical factor for the regeneration of infected explants. After exposure to Fig. 2 Different stages of plant regeneration using hypocotyls explants of Capsicum annuum; a Induction of shoot bud after 1 week culture, b-Shoot bud elongation and rooting after 3 weeks culture, c Shoot elongation on MS basal medium, d Shoot elongation on MS+1 mg/L GA 3 medium, e Well elongated plantlet after hardening on agropeat, f Fully grown regenerated plantlet in growth chamber undiluted Agrobacterium culture of OD 0.5-1.0, red pepper explants showed severe necrosis resulting in reduced regeneration potential. Hence, the cell density was diluted and we optimized the culture OD to 0.05-0.1. The same concentration was subsequently used for transformation of hypocotyls.
After infection of the red pepper hypocotyl explants with A. tumefaciens strain EHA-105 harbouring pBinARβC1, these explants were co-cultivated on MS medium containing BAP-2 mg/L and 100 μM of acetosyringone for 2 days in dark condition. Following co-cultivation with Agrobacterium, the hypocotyls were transferred to selection medium. For selecting transformants, we used kanamycin as a selectable agent in the culture medium along with cefotaxime (500 mg/L). In earlier reports, varying amount of kanamycin was used for selection of transformants of sweet pepper varieties. At 100 mg/L of kanamycin concentration, we noticed that very few explants survived and hence, we further used 100 mg/L kn concentration as minimal inhibitory dosage for Agrobacterium-mediated red pepper transformation. The regenerated shoots on selection media were sub-cultured every 2 weeks for a month and the explants were conditioned as described earlier. All those regenerated plants were phenotypically normal like non-transformed lines when grown on soilrite (Fig. 2e) and could bear fruits like non-transgenic ones on soil (Fig. 2f ).
Molecular characterization of putative transformants
About 90 hypocotyls were taken for Agrobacterium-mediated transformation and 11 transformants were obtained on selection medium. Total genomic DNA was isolated from the leaves of all kanamycin resistant plants and subjected to PCR analysis using Chilli leaf curl Joydebpur βC1 specific primers. The amplification of viral gene in PCR confirmed T 0 plants were shown in Fig. 4a . To exclude the possibility of Agrobacterium contamination in transformed plants, total DNAs were analysed with PCR using primers specific for vir-D1 region of this bacterium. There was no PCR amplification observed in the samples except from the DNA isolated from Agrobacterium (Fig. 4b) . PCR analysis was repeated at least thrice which confirmed the presence of transgene in the putative transformed plants on selection medium. Genomic DNA isolated from PCR positive lines was subjected to Southern blot analysis by digesting with HindIII that does not cut internally within the transgene. Hence, number of bands generated upon digestion with HindIII corresponds to the integrated copy number of the transgene. Southern blot analysis revealed the transgene integration and its number of copies among the progeny of three individual T 0 plants analysed. A single hybridization signal was detected from three independent lines whereas as expected no hybridization signal was detected in nontransformed line (Fig. 4c) . These data provided the confirmation of the integration of transgene in the red pepper genome.
Discussion
Plant regeneration remains an important bottleneck for the successful establishment of highly reproducible transformation. Optimization of different parameters (age of explant, type of explant, medium requirement, concentration of phytohormones) is critical for plant regeneration because of their direct effect on genetic transformation efficiency. In this communication, we report an improved method for regeneration of six Indian red pepper cultivars and a reliable Agrobacterium-mediated transformation for the cultivar, Pusa Jwala.
In earlier reports of red pepper regeneration, various explants viz. cotyledonary leaves, hypocotyls, shoot tips, leaf discs and nodal segments have been studied to test their regeneration potential but the response for different explants varied from one genotype to another. However, in red pepper, hypocotyls and cotyledonary leaves had responded well than other explants reported so far (Gunay and Rao 1978; Ramirez-Malagon and Ochoa-Alejo 1996; Manoharan et al. 1998) . In preliminary stage, we have started with all possible explants such as cotyledonary leaves, leaf discs and hypocotyls. However, except hypocotyls, no other explants responded in the auxin/cytokinin medium. The callus induction at the cut end of cotyledonary leaves and leaf discs was observed and thus we preferred hypocotyls for further experiments. In pepper tissue culture, BAP has been highly effective in shoot bud induction than other cytokinins (Gunay and Rao 1978; Joshi and Kothari 2007; Sanatombi and Sharma 2008). The earlier reports of red pepper regeneration emphasized on a balanced auxin/cytokinin ratio for multiple shoot buds induction (Steinitz et al. 1999) . In contrast, the formation of callus and leafy shoots in the regeneration medium supplied with low/high auxin could be due to the high endogenous auxin content of red pepper (Christopher and Rajam 1994) . Hence, we opted for an auxin-free (independent) approach for regeneration of hypocotyls in all six red pepper cultivars. However, in contrast to earlier reports Rajam 1994, 1996) , the addition of triiodobenzoic acid (TIBA) has not improved multiple shoot bud proliferation in the present study. On auxin-free regeneration medium, a variation in the regeneration response of hypocotyls was obsereved. In consistent with Ochoa-Alejo and Ireta-Moreno (1990) , this variation among the cultivars could be due to the difference in their genotypic nature. This result convincingly emphasizes the role of type and nature of the genotype used in the regeneration of different Capsicum species.
The formation of rosette leaves, malformed shoots or blind leaf structures which fails to elongate further has been a major obstacle in red pepper tissue culture practices (Steinitz et al. 1999) . Earlier reports cautioned that even high cytokinin level could inhibit the elongation of newly formed shoot (Huetteman and Preece 1993) . To minimize the inhibitory effect of cytokinin used in shoot proliferation medium, we have attempted shoot elongation in MS medium devoid of cytokinin. All the explants could achieve elongation well irrespective of their genotypic nature. GA 3 alone or in combination with silver nitrate/copper sulphate was found to be efficient for shoot elongation in different genotypes (Hyde and Phillips 1996; Golegaonkar and Kantharajah 2006; Joshi and Kothari 2007; Kumar et al. 2007 ). However, unexpectedly in our work at higher GA 3 concentration (>1 mg/L), the elongated shoots of two cultivars (LCA-235 and Supper) appeared thin and weak which could not survive after hardening. GA 3 supplement enhanced the shoot elongation; however it could not result in elongation of small leafy structures or ill defined buds. This emphasized that MS medium lacking phytohormones could be effective for shoot elongation. NAA has been used for in vitro rooting of shoots in Capsicum and other species. But strikingly, the observation of rooting was quite evident in 70 % of the shoots on elongation medium lacking any auxins. Rooting in parallel with elongation of shoots, reduces the overall duration taken for generating transgenic plants.
Agrobacterium-mediated transformation is widely used for genetic transformation in plant system. Chilli unlike other members of the Solanaceae family is known to be a highly recalcitrant species. The available red pepper transformation protocols are either irreproducible or having less transformation efficiency (Li et al. 2003; Lee et al. 2004) , which reflects the necessity for an effective transformation method. For achieving high transformation efficiency, it is necessary to optimize the critical factors affecting the health of the explants after infection. One of them is the Agrobacterium cell density used for transformation. Li et al. (2003) suggested use of Agrobacterium cell density as OD 0.3-0.5 for red pepper transformation. However, at the same cell density we noticed Agrobacterium accumulation at the cut ends of hypocotyls till 30 days after transfer to selection medium. This residual Agrobacterium completely colonizes resulting in necrosis and thereby, reducing their regeneration potential. Similarly, at OD 0.5-1.0, grape leaf discs showed severe necrosis whereas this effect was reduced to greater extent by diluting the cell density (Das et al. 2002) . Hence, we optimized culture density by diluting to OD <0.1 to prevent bacterial colonization. In addition, removal of the excessive culture from the explants after infection is important to prevent the accumulation of bacterial cells and ultimately death of the explants.
After co-cultivation, the putative transformants were selected on kanamycin selection medium because of its significant role played in recovering transformed shoots. PCR analysis using viral gene specific primers demonstrated that 12.2 % of the selected transformants contained the desired transgene while Agrobacterium contamination is ruled out as confirmed by PCR using vir-D1 specific primers. This observed response could be attributed to the combined effect of parameters optimized such as bacterial cell density and phytohormone combination used for hypocotyl regeneration. In plants transformed with transgene under constitutive promoter, a negative correlation could be possible between transgene number and its expression due to homologydependent transcriptional gene silencing (Datla et al. 1993) . Hence, Southern blot analysis was performed to determine the number of transgene integrated in the red pepper genome. This present analysis yielded a single band and as a result, 3 out of 11 independent lines proved to be βC1-transgenic with single copy transgene integration in the genome. The integration of transgene in a single position could eliminate the possibility of homology based transgene silencing.
In summary, we have demonstrated a reliable auxin free regeneration protocol and the capability of shoot elongation and rooting using hormone free MS medium for six popular Indian red pepper cultivars. This method shall considerably reduce the time required for regeneration and transformation of red pepper cultivars. The βC1 transgenic plants developed in this study will certainly help in understanding the βC1 mediated pathogenesis in its natural host, a recalcitrant cultivated crop. The genetic transformation of red pepper described here also opens up new possibilities in generating transgenic red pepper plants desired for superior agronomic traits and in studying the gene function of Capsicum species.
